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The suggestion is made that the creation of a significant enhance-
ment of the ambient electron density at night in the lower ionosphere at
auroral latitudes may trigger an aurora. The resulting increased drag y
affecting a sufficient number of magnetic flux tubes will disturb the natural
convective flow in the equatorial plane of the magnetosphere around 	 = 6 .
Criteria which indicate the required size of the electron cloud 	 103 km3),
its density	 106 electrons cm -3), and its location	 115 km altitude) are
discussed. Such a large electron cloud is also useful for studies of the
physics of the ionosphere. The necessary energy requirement and a pre-
J
liminary evaluation of several methods which might be used to produce the
desired ionization are discussed. 	 .,
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The purpose of this report is to suggest that the creation of a signi-
ficant enhancement of the ambient electron density at night in the lower
ionosphere at auroral latitudes may trigger an aurora. Even if this ulti-
mate objective is not accomplished, secondary objectives which have a
scientific value could include studies of winds, diffusion, drifts, recom-
bination, and effects on communications which would complement similar
studies which have been conducted with the aid of smaller electron releases.
We shall discuss the criteria to be applied and thus estimate the necessary
energy requirement to trigger an aurora and give a preliminary evaluation
of several methods which might be used to produce the desired electron
cloud• rray;drsa
a	 The principal observations during an aurora consist of emissions in
the visible spectrum from excited molecular and atomic species and deflec -
tions in magnetic field intensities measured at ground stations. The latter
are believed to be due to currents in the vicinity of 120 km altitude. The
currents are the result of an increase in conductivity due to an enhancement I
of the ambient electron density. Both the molecular excitation and the
ionization are caused ,by high , energy electrons (around 10 kev) which pre-
w.v_„,„,a».e.:..w» 3 .nau:.x.»«a..-.,.. ,w......,..s^” ..'^"',P",...	 .gym ""«T«'"^u6lRr«^sc^v+ax:zC»`>zu'r^mra._
expenditure of energy.
The suggestion is made that one might trigger an aurora by increas-
ing the electron density and hence the conductivity in the auroral zone where
the currents are observed to flow. The increased conductivity would couple
the magnetic field line motion more closely to the neutral atmosphere. The
resulting disturbance in the magnetospheric convection may produce pre-
1	 cipitation, as will be discussed below. Although the exact requirements are
uncertain, a rough estimate indicates that an electron density of about
5 x 10 5 electrons cm -3 in a volume of about 100 km 2 by 20 km in height or
j	 2 x 10 12 m 3 should be sufficient to produce an observable effect. The above
density is far above the ambient nighttime value and would have to be created{
in a time which several factors (to be discussed below) suggest to be of the
I
order of a minute. Using an average ionization potential for air (I
2
12. 2 ev; 1N2 = 15. 5 ev) of 15 volts, we easily arrive at a minimum energy
requirement of 2.4 x 10 6 joules or a power requirement of 40 kwatt for 60 	 •
sec if the free electrons are to be created by ionizing the ambient air.
The release of electron clouds from rockets in the earth's atmos -
^J
k
10 24 electrons at auroral latitudes near midnight at an altitude of around
100 km. The few releases which have been carried out in the auroral zone
for the purpose of mapping ionospheric electric fields have all been above
150 km in altitude which is too high to couple magnetic field lines with the
neutral atmosphere.
Most previous chemical releases have relied upon photo-ionization
by sunlight to produce large numbers of electrons. Since 120 km altitude
at auroral latitudes near midnight is not in sunlight we have considered
a number of different methods of achieving the desired degree of ionization.'`''
r;
The most promising seems to be an extension of the present techniquet
involving the release of chemically reacting products. Another possibility
is the use of energetic (of order 100 kev) electron or ion beams to ionize
the ambient air. Breakdown of the lower ionosphere using electromagnetic 	 j
radiation or the use of x-rays to ionize the air do not seem as practical.
Further study is required to determine the optimum method.
in Section 2 we shall discuss the relevant properties of the iono-
sphere during an aurora and gave the criteria used which determines the
required electron density, volume to be ionized, and time scale of the
	
r
experiment. In Section 3 we gave a preliminary evaluation of the several
suggestions to produce the necessary ionization mentioned above and 'ndi
Cate the major uncertainty associated with each. Section 4 consists of a,
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11. REQUIREMENTS FOR TRIGGERING AN AURORA
" Aurorae typically occur in the auroral, zone usually within a few
r
degrees of 660
 magnetic latitude and generally between the sate evening
and early morning hours Local time.
	 Although there is a wide variety of
displays, generally they appear to be around 5 to 10 km in thickness in the
N-S direction but often extend for several thousand kilometers in the E-W
direction.
	 Their lower edge of visible light and presumably ionization
is generally at an altitude of around 100 t 10 km.	 The fact that intense
auroral breakups consistently occur in the same Location. and represent
the rapid deposition of large amounts of energy indicates that they are
produced by the onset of an explosive instability. 	 It has been suggested
[ Axford, et. al., 1965] that the energy source of an aurora may lie in the
sunward flow of high energy plasma in the equatorial plane of the magneto- f
sphere around L = 6 ,	 It is likely that some'
 type of disturbance of this
flnaxr ;,n +H p onvin*nvinl -nlnna 1a	 ;-na! -n'k;14+-vr
Mmirror points and hence initiate increased precipitation which could then
sustain the increased ionization. While it is not at all certain that increased
ionization in the ionosphere will provoke an aurora, the possibility of doing
so with reasonable rocket payloads or power requirements makes it too
intriguing to be overlooked. Should such an attempt be successful, the
opportunity then exists for increasing our understanding of auroral
phenomena as well as on the dynamic aspects of the flow in the magneto-
sphere.
While the possibility of triggering an aurora provides an exciting
goal, useful scientific information would also be available from such an
experiment if this spectacular result is not achieved. At a minimum, the
change in ionospheric ion density will locally modify the ionospheric current
patterns. Mea3urement of these currents would provide some information
about the interaction of the magnetospheric flow patterns with the ionosphere.
One would also expect at least measurable changes in precipitation due to	 .
the disturbance of the field line motion. Monitoring of these changes would
again provide information which may suggest interactions between the mag-
netospheric flow and natural ionospheric irregularities. Furthe-&more,
ionization over such a large scale as 10 km would complement experiments
which have been performed by chemically releasing smaller electron clouds
at the same altitude range at various times of the day. As examples,
investigations of electron diffusion rates, drifts and distortion of the elec-
tron cloud, recombination phenomena, and various decay modes of the elec-
tron density, could be carried out as well as studies made of the effect of the
ionospheric winds and the effect of the electron cloud on communicadions. 	 It
-6-
We now obtain an estimate of the size of the region to be 'lonized.
1
The minimum scale size on which the equatorial flow as such can be dis -
turbed is probably a gyro-diameter of a proton of typical energy (1 kev) in
the earth's magnetic field at L. = 6 (— 100y) or about 90 km. The equiva-
lent length in the ionosphere is reduced by the square root of the ratio
of the magnetic field intensities which results in a value of around 4 km.
Hence, tying an area of 10 km x 10 km will represent intercepting the flow
over a length corresponding to 2 or 3 proton gyro-diameters in the equa-
torial plane. A substantiation of this estimate is the observed fact that
aurorae are typically several kilometers in thickness, possibly indicating
a tendency towards a minimum scale size. If one were to ionize , larger
area, extending the long dimension in the N-S direction would intercept more
of the equatorial flow and would probably increase the possibility of trigg^;r-
ing an aurora.
r The total amount of ionization which might be required to trigger an
aurora is uncertain. The most reliable dimension of the ionization cloud is
probably the 5 to 10 kilometer size in the N-S direction as described above.
t It would also seem that the scale size in the 1E-W direction should be larger
than an a ^^tc ^ J proton gyro-radius and hence comparable to that of theq	 p	 gY	 p
N-S direction ii the gyrating particles in the equatorial plane are to be pro-
hibited from passing through the frozen flux tubes. The remaining uncer-
tainties are the determination of the most appropriate altitude at which to
a
create the ionization, the required vertical thickness of the ionization, and
the required degree of ionization. We first discuss the appropriate criteria
P
!.^^` ^^^.^d 5^.,^ '^
	 ^^^ ^..,.av+.::^u:.' AL:n4. ^""`" ^ vu.u+x^,°.0"`^u",w,:++:^'i....':w^ .^t'*.t^tt^^r-n-L'9nrC^.aS' ^ arr.^+szir.^vnazvnmrao.••••.•...:.2snc^u_wz,^-
	'^v-+auSx^c.W^'^c'cw	 mmtl:.:xazfsCa9lGt-,-TGE1lF:^4.R.`.Tl^.
The Pedersen and H " conductivities, a1V and v. , which are the
conductivities perpendicular to the magnetic field and parallel and perpen-
dicular respectively to the electric field, are given by
P
I
(w T) i2 	 (W T) e^
^^^	 Q ^ 	 (2. 1.)
	
1 + (WT) 
i	
1 + (^a•r)
with
-1
n e	 n	 ^	
-1
	
ate	 = 2. 7 x 10 - 4	 e	 mho m
	
B	 (105cm-^	 0.6 gauss
t
Above 80 km (WT) a >> 1 while ( W T) i (WT) e > 1 above 95 km. Hence, above
95 km the Nall current is due predominantly to the electrons while accord-
ing to Eq. (2. 1) the Pedersen current in the N-S direction is predominantly
due to ions. As it is difficult to create persistent ionization below about
95 km we shall take it to be a lower bound for our ionization cloud. An
upper limit to the altitude above which we cannot tie the magnetic field lines
to the neutrals is where (WT)i is of order unity or around 120 km for NO+,
as the ions rarely collide with neutrals at higher altitudes. If the criterion lo
Jto be applied i__ order to achieve maximum effectiveness for line-tying mag-
netic field lines is that the Pedersen conductivity should be maximized,
then Eq.. (2. 1) suggests that the ionization should be created at around 120
6.
km altitude. The precise optimum altitude is uncertain but the above
4.
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discussion indicates that close to but below 120 km is most appropriate.
It is possible that the electron contribution to the Pedersen conductivity
A
at these altitudes is considerably in excess of the value indicated by
a	 Eq. (2. 1) due to anomalous or turbulent diffusion of ealectrons across mag-
netic field lines. Such increased electron diffusion is almost universally
observed in laboratory plasmas when (WT) e >> 1 . In this case the Pedersen
conductivity would become less dependent on attitude, and 120 km would
remain only as an upper limit.
The requirement of a significant change in the Pedersen conductivity
provides a criterion for determining the necessary height-integrated den-
sity in the ionization cloud. According to a model by Bostrom [ 1964] the
height-integrated Pedersen conductivity is on the order of half a mho for
6	 the undisturbed ionosphere. According to Eq. (2. 1) a height-integrated
density of 4 x 10 11
 electrons care -2
 will increase the Pedersen conductivity
°	 by an order of magnitude above the ambient value. The thickness of this
cloud of ionization is determined primarily by the requirement that the
electron density be low enough so that the ionization will persist for times
of the order of minutes. Experiments involving chemical releases indicate
that electron densities on the order of 10 6
 cm -3
 persist for the required
time [ Marmo et al. , 1961] . This fact indicates that the thickness of the
ionization cloud should be several kilometers.
The theoretical discussion above agrees favorably with observations.
®	 In Fig. 1 is shown typical electron density profiles measured by rockets
during discrete and diffuse aurorae[ Baker and Ulwick, 1967] . Also shown
A	
for comparison are typical daytime and nighttime profiles. The distin-
guishing the a,cteristic of the di ,.:.ete aurora is the large enhancement
-9-
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Fig. I	 Typical electron density profiles measured during discrete
and diffuse aurorae [ Baker and Ulwick, 1967]. The dashed
curves represent typical daytime and nighttime profiles.
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of tfie electron density for about 20 km centered around 115 km. A value
r
	 of 5 x 10 5
 cm
-3
 seems typical and is occasionally exceeded by a factor of
two or three. We thus reach the conclusion that ionization with a height-
e	 integrated density of order 10 12
 electrons cm -2
 with an electron density of
about 10 6
 cm - 3 at a height of around 115 km is created during a natural
aurora.. It may be more than a coincidence that the penetration depth of the
precipitated 10 kev electrons corresponds to an altitude where the deposited
ionization will have a maximum effect on the Pedersen currents and that the
scale height is large enough so that the ionization is spread out which leads
to a change of the Pedersen conductivity by more than an order of magnitude.
Combining a height-integrated density of 10 12
 electrons cm -2
 with a 100
square kilometer area leads to the previously mentioned requirement of
4	 1024 electrons or about 2. 4 Megajoules assurning a 100% efficiency for
ionizing air.
b The time limitations of the experiment require two considerations:
a) the minimum length of time for which the regions of high electron den-
sity should be maintained; and b) the rate at which the electrons are to be
created. An estimate for the former time is given by the time it takes the
stopping of the magnetic flux tubes to be communicated to the equatorial
plane. The appropriate speed is the Alfven speed which yields a time of
abo?,7t a minute for a lower limit® 'There is no reason to believe that the
creation time of the cloud must be less than this limit.
The principal loss mechanisms of .electrons in an electron cloud
above 100 km are diffusion and recombination. When the source of electrons
	 3
is ionization of the ambient air, the role of recombination is uncertain as
-11-
both the effective electron temperature and the relative abundance of the
dominant ionic species are unknown. However, an effective , recombination
coefficient in the range of 10 -7 to 10 -8 cm  sec -1
 yields times for the
electron density to decrease by a factor of two on the order of a minute.
On the other hand, chemical releases involving different ions can increase
the recombination time significantly leaving diffusion as the predominant
loss mechanism. For instance, experiments conducted by detonating small
canisters containing alkali compounds have shown [ Marmo, et. al., 1961 ]
that small electron clouds (scale size — I km) with densities in excess of
106 ck,n -3
 have persisted near 115 km altitude for more than 10 3
 sec. The
conclusion was that the principle cause of decrease in electron density was
diffusion with a diffusion coefficient of the order 10 7
 cm  sec -1 indicated
for electrons at an altitude of 115 km (varying inversely, with the neutral
density). A time in excess of 10 3
 sec results for the density of a 100 sq.
km. cloud to decrease by a factor of two.
There are two factors which set upper limits to the time during
which the required ionization can be produced. Aurorae are observed to
drift northerly at a rate of about 100 m sec -1
 which indicates a time limit
of about a minute for a 10 km region. In addition, the time to rise and
fall 5 km freely under gravity is also a minute. Hence, the maximum time
for deployment of the necessary ionization is of order 60 sec yielding a
power requirement of only 40 kwatt for 100%® efficiency of conversion of
energy into ionization. In a chemical release there is no power require-
ment and the electron creation rate criterion is essentially inappropriate.
t
i
A.
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III. CREATION OF ELECTRON CLOUDS IN
THE LOWED IONOSPHERE
We briefly discuss several possible methods which might be used
to produce large electron clouds in the lower ionosphere.
A. Production of Electron Clouds by Chemical Means
There are two aspects to the problem of creation of large electron
clouds by chemical means. First is the problem of creating sufficient
numbers of electrons per gram of chemicals while the second problem is
that of distributing the ionized material over the desired 2 x 10 3
 km3
volume.
Small electron clouds about a kilometer in diameter around 120 km
in altitude and having densities of order 106
 cm -3 have bei -^xz produced by
X	 exploding small canisters containing an alkali metal. In a series of
experiments summarized by Marmo, et. al. [ 1961] , 50 moles of an alkali
compound typically produced 1021
 electrons for an overall yield of 3 x 10-5
electrons per atom. The primary reason for such low yields is that the
canister used burst at around 300-500 atmospheres after only 3- 576 of the
chemical had reacted. The thermal coefficient of ionization (the number
of electrons per reacted atom) was given as 10 -3
 after the rapid expansion
at the thermal speed to the ambient pressure produced a cloud about 200 m
in radius. If the chemical had undergone complete reaction (implying
a'-
r
5000 atm pressure), the temperature would have been higher yielding more
°	 electrons per atom in addition to increasing the number of atoms reacted.
-13-
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Assuming a nearly 100% reaction and the same thermal yield results in a
figure of 10 - 3 electrons per atom as a reasonable overall efficiency 	 ,
coefficient including recombination during the expansion. Since we require
for our purposes about 2 moles of electrons, the weight of chemicals
necessary is of order 300 kg, which is within the limits of feasibility for a
modest sized program. Rosenberg and Golomb [ 1963] have reported a
chemical yield of near 10016 by adding a high explosive to cesium nitrate
and aluminum. Best estimates indicate that around 2. 5 x 10 22 electrons
were produced by detonating 18 kg mixtures at high altitude indicating that
for our purposes we would require around a 700 kg payload.
More recent investigations [ Friedman, et. al., 1963; Friedman and
Macek, 1965] have reported much higher electron yields per gram of
reactant achieved by burning strands of compressed material rather than by
exploding canisters. Theoretical thermodynamic estimates predict yields	 P
.	
9	
'
for both systems on the order of 10 20 electrons gm -1 . Experimental
results obtained in the laboratory by Friedman, et. al. [ 19631 indicate
that actual yields from the cesium nitrate and aluminum mixture were below
the theoretical estimates by about a factor of four. Friedman and Macek
f 1965] reported experimental results almost an order of magnitude below
theoretical estimates for the tetracyanoethylene, hexanitroethane and
cesium azide mixture primarily because the actual temperature was below
the assumed adiabatic value an , ' the presence of unburned CN readily
a
attached electrons. In summary, indications are that around 50 kg of
material is sufficient to produce the necessary 10 electrons for our pur-
poses, an order of magnitude below the amount required by detonation.
-14-
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We now turn our attf-ntion to the problem of spreading the desired
ionization over the large volume required. In the earlier burst .releases
r
at high altitudes, the neutral clouds which were produced were observed to
expand by diffusion to a size of 1 or 2 km in a minute. The electrons dif-
fused more slowly and maintained a density of order 10 6 cm -3
 which was
observed to persist for 10 3
 seconds. An ambipolar diffusion coefficient
for the charged particles at 115 km is indicated to be about 5 x 10 6
 cm 
sec -1 . However, we cannot achieve our goals by just scaling up the number
of electrons and the volume by a factor 10 3 . If the electron diffusion is
fast enough to spread itself over the desired volume in a time of order one
minute, the magnetic field lines will not be tied by the resulting ionization.
If, on the other hand, the electrons expand rapidly without diffusing, they
are essentially moving field lines aside. It is possible that turbulent dif-
fusion could be relied upon to distribute the charge component of the cloud
rapidly and still allow the ionization to effectively tie down the magnetic
field lines after its dispersal. The mixing of the ionized material must be
accomplished by using a large number of small electron sources. Each of
the smaller electron clouds thus produced could rapidly diffuse to produce
a large volume of ionized air through which the magnetic field cannot move
freely. Approximately twenty-five such clouds with a 1 km radius would
be a minimum requirement for covering a 100 sq. km
 area with sufficient
ionization. The scattering and ignition of a large number of chemical
01
	 sources of electrons via a rocket payload should not be a difficult problem.
B. Ionization of Air Using a High Ener Electron or Ion Beam
A High energy electron beams provide the most efficient method of
_15-
producing ionization.. Each high energy electron expends only 32 ev in
ionizing an air molecule and hence, a 100 kev electron beam will produce
approximately 3 x 10  ion-electron pairs resulting in an overall efficiency
of 4510 or a requirement of less than an ampere of current for a minute.
From the standpoint of a low power requirement and the fact that the tech-
nology of electron guns is very advanced, the use of electron guns seems
very promising. There is a possible charging problem in that a rocket
which emits an electron current must reach some positive potential in
order to attract to it an equal current: from the surrounding medium. A
preliminary investigation [ Linson, 19671 indicates that a few kilovolts is
sufficient and hence the beam energy is not significantly degrc ded. If more
than one rocket is used, charging considerations are even less of a prob-
lem. A more serious and fundamental objection arises in that the earth's
magnetic field limits the excursion of the beam perpendicular to the field.
The gyro-radius of a 100 kev electron in a 1/2 gauss magnetic field is only
20 meters. While the rocket trajectory can be used to cross field lines in
one dimension, it seems possible to produce only a thin vertical sheet of
ionization but not a cubic volume of order 10 3 km 3 . The only way of over-
coming this limitation would be to use a number of rockets spaced close to
each other so that these sheets of ionization could diffuse rapidly into each
other. Based on the previously mentioned diffusion rates, four or five
such sheets could be sufficient.
The advantage of an ion beam over an electron beam for creating
a large volume of enhanced electron density is that its gyro -radius in the
earth's magnetic field is larger, but it suffers from the relative
d
A
If
A
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disadvaiitage of a shorter range and a smaller fraction of its energy going
into ionization. We shall show that, unlike electrons of comparable energy,
the principal energy loss of a heavy ion at and below the several hundred
kilovolt range is due to elastic collisions with neutrals which determines
its range and results in the major part of its energy being used to heat the
air. The charging problem is much less severe than in the case of an
electron beam as a flux of low energy electrons can easily neutralize an
ion beam.
The gyro - radius of an ion with M proton masses at an energy of
E ev in a magnetic field of B gauss is
rG = 14 M E m = 0-a,,5 M -
	 km
10
For an ion of order 100 kev, a minimum mass of M = 7 is indicated for
a gyro-radius of about 2. 5 km. A spinning rocket could ionize air in a circle
with a diameter about 4 r  by shooting tangentially instead of radially. A
larger area could, of course, be ionized by using additional rockets simul-
taneously. The upper limit to the energy range which we consider for an
ion beam is set by the limitations of ion gun technology. Breakdown con-
siderations suggests that energies substantially greater than 200 kev are
impractical.
Ions with energy E less than E  = 28 x M kev have velocities
less than that of the least bound ( 15 ev) electron in the N 2
 molecule. At
such velocities ions are not efficient ionizers and their principal energy
i
loss is due to elastic collisions with neutrals. Experimental information
	 -^
on elastic scattering and ionization cross -sections of heavy ions at energies
-17-
below Ec
 is presently meager but an area of increasingly active research.
It is generally true that the elastic cross-section is a decreasing function of
energy and is lower by more than one order of magnitude than that of typi-
cal ionization cross-sections which are increasing functions of energy
below E  . However, the energy loss in an elastic collision between heavy
particles far exceeds the mean energy transferred in an ionizing collision.
Indeed, we find that the energy loss rate, ds	 and hence the range,
R(E) , of a heavy ion is determined predominantl'1.7 by its elastic collisions.
The total number, N(E) , of ion-electron pairs produced by a single ion is
easily determined from a knowledge of the mean free path, f(E) , between
ionizing collisions by the formula
E
N(E) =	
^E dE dE l 	(3.1)
0
e
In order to obtain quantitative expressions for these variables, we
have turned to a theory for elastic cross-sertions due to 0. B. Firsov
[ 1958] and another theory for inelastic or ionizing cross sections [ Firsov,
1959] by the same author. In the Appendix we discuss these theories,
indicate their limitations and evaluate the mean energy loss in an ionizing
collision and the mean free path f (E) which allows us to evaluate the
integral given by Eq. (3. 1). Estimates of the range are also carried out
in the .
 Appendix and are shown in Fig. A. 1 for an ion traveling through air
at a density of 1.4 x 10 1
 cm - ^, typical for 115 kn. The results of the
calculations give the number of electrons produced as a function of energy
and atomic number- of the energetic ions Some representative examples
-18-
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are shown in Fig. 2 from which we find that the number of ion-electron
pairs produced per incident ion of atomic number Z and energy E ev
in the 100 kev range is given very closely by
1.37
N (E)	 400 19 E 5	 (3.2)
Z	 10
Table I shows the results of the calculations for Cs + and Na F . The
general statement which one can make is that there is a distinct advantage
in using small Z both from the standpoint of increased range and efficiency
for producing Toni?­ttion.
In the calculations in the Appendix we have neglected the effect of
secondaries, double ionization, and stripping, each of which will increase
V	
the number of electrons produced. In particular, secondaries (both ions
and electrons) can. significantly increase the number of ion-electron pairs
'
	 produced by as much as a factor of two or more in some cases. The energy
loss due to ionization has also been neglected as being small; this approxi-
mation is worse for the more efficient low Z ions. It should also be
stressed that Firsov's theory does not include any effects peculiar to the
particular interacting pairs which depends on atomic structure. For
instance, it is known experimentally that alkali ions ionize noble gases
nearest them in atomic number more easily than the theory predicts [ Flaks,
et al. , 1966] . In addition, there are peculiarities which the theory cannot
anticipate, such as the fact that Na+ is a less efficient ionizer than would
be expected [Flaks, et al., 1966] . However, Firsov's [ 1959] theory does
	 I ,
show general agreement with experimental results; a comparison of its
_19-
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Fig. 2	 Number of electrons produced by each ion as a function of
energy for several representative ions.
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predictions with experimental values is shown in Fig. A. 2. There is no
reason to choose alkali ions over any others; the choice of ion should
	 4
depend on practic..' considerations such as ease of operation in a high vol-
tage gun. It is .,bvious that higher energy at the same power is desirable
	 r
both from the point of view of increased range and efficiency.
The use of an ion beam would require rockets. The payload is
primarily determined by the weight of the energy storage devices. If an
efficiency of 1076 can be achieved, the figures given in the introduction
indicate a minimum energy requirement of 2.4 x 10 7
 joules. Present clay
technology indicates that a storage capacity approaching 10 5
 joules/lb
for special energy cells which can discharge their energy at a kwatt/lb
is attainable. The minimum payload is thus indicated to be around 250 lbs
without considering the practical aspects of energy storage and release and
the equipment necessary for the creation of a high energy ion beam. Such
a omall payload makes this suggestion an interesting possibility.
C. Ionization of Air Using Electromagnet ic
 Radiation
We are uncertain about the prospects of breaking down air at a
pressure p of 4 x 10 -5 mm Hg (the pressure at 115 km) and will confine
ourselves to a few remarks which seem pertinent. The plasma frequency
in an electron cloud of n electrons cm -3 is fp = 9 x 10 3 ncps.
Radiation at frequencies f between f  = 1. 3 x 106 cps which is the
electron gyro-frequency in a magnetic field of 0.46 gauss and 9 x 10 6
 cps
which is the plasma frequency is reflected from an electron cloud of 106
cm 3 and cannot be used to break down air. Hence, we consider the two t
cases of radiation above ar--1 below these limits separately. Another
-22-
important parameter is the elastic collision frequency of electrons with
neutrals which is given approximately by v 3 x 10  p .
It appears that frequencies above 9 Mc are impractical. If a trans-
mitter is carried by a rocket, breakdown would be most likely to occur
near the transmitter where field strengths are the highest. Thus, a local,
high density, electron cloud would be produced which would no longer absorb
additional radiation when its plasma frequency exceeded the operating fre-
quency. Transmission from the ground is also impractical as the most ef-
ficient energy transfer to the electrons occurs when the operating frequency
is equal to v /27r . But this condition would be met at or below an altitude
of 60 km for f > 9 x 10 6 cps. Again, the air would break down (if suf -
ficient power were transmitted) at a. lower altitude than desired and the
resulting electron cloud would increase in density until it would reflect the
incident radiation.
In a magnetic field, a right-hand polarized wave commonly called a
whistler due to its dispersion characteristics, can propagate below the
plasma frequency if it is also below the electron gyro-frequency which is
1. 3 x 106 cps for the ionosphere. The appropriate dispersion relation !or
whistlers, valid for frequencies above the ion gyro-frequency (about 400
cps), propagating at an angle 0 with respect to the magnetic field, and
obeying the condition f e 2 sin 20 << 2I fp2 - f2 I is [ Stix, 1962]
f 2	 f 2	 f 2v
NO _ (271) 2
 1 +	 p	
. v
	
(27f) 2 1+	 ---
 +i
	
p
f(f® cos® - f - ^)	 f(fecos0 - f)	 27rf(fecos0 - f)
6
4
A
d'
(3. 3)
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where the last expression is appropriate for v << 27T(fecos0 - f) . In Eq.
(3. 3) c is the speed of light and k is the complex wave number. At 106
cps the free space wavelength is 300 m and waves traveling within 40 0 of
the magnetic field can propagate. The above dispersion relation tells us
that the absorption of wave energy is increased as the operating frequency
approaches the gyro-frequency from below. The absorption is also pro-
portional to the ambient electron density and inversely proportional to the
atmospheric neutral density. This fact indicates that if transmission is
from the ground, maximum absorption takes place at the lower edge of the
ionosphere (around 95 km) where f  — 106 cps and v — 10 5 . From Eq.
(3. 3) we obtain a typical absorption distance as
-1	 2c(fe cos 8 - 02f pz(Im k) ^	 ;7e 	 1 kxr^aV fp	 e cos 0 - f)
.	 N	 - '^-
Afor waves traveling parallel to the magnetic field at a frequency of 10" cps.
As the electron density increases above 10 4 cm -3 this distance decreases
which makes it difficult to penetrate the ionosphere significantly at modest
power levels. A lower transmitting frequency increases the penetration
but is difficult to focus due to its large free space wavelength.
The above considerations indicate that it would be difficult to create
ionization at the desired altitude by electromagnetic radiation. We have
not considered the problem of the coupling of the radiation into the iono-
sphere which is important as the power which is actually absorbed is
reduced if t:he radiation is predominantly reflected from the bottom of the 	 f
ionosphere. The possibility of irradiating the ionosphere from above
-24-
sf
where the collision frequency is less has not been investigated. Further-
more, we have not considered the important problem of breakdown of the
air or the efficiency with which the absorbed radiation is converted into
ionization. The possible use of electromagnetic radiation to accomplish
our goal requires further study.
k
V
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IV. SUMMARY
From the previous discussion, we conclude that it is possible to
produce sufficient numbers of free electrons on a large enough scale in the
lower ionosphere to have geophysical effects. We expect that these effects
will increase our understanding of the coupling between the natural magneto-
spheric convection and high latitude ionospheric processes and r.-lay achieve
the ultimate goal of triggering an aurora. The most likely method for pro-
duction of these electrons at 115 km appears to be either by chemical
deployment or with the use of high energy electron or ion beams. On the
basis of a production efficiency of 10 19 electrons per gram in a chemical
release, the requirement of 10 24 electrons results in a payload of the order
of 200 pounds. On the other hand, 50 pounds of batteries can store enough
energy for an electron beam to ionize 1024 air molecules based on an
energy storage capability of 10 5
 joules per pound; the use of a less efficient
ion beam would require 3 to 5 times this payload. The principal advantage
of chemical releases is their simplicity. Alkali clouds also have the added
advantage of having a significantly smaller recombination coefficient which
results in a longer lifetime for the electrons. The use of electron beams
probably would require more than one rocket in order to spread the
ionization out over the required area. The efficiency of ion beams is
increased by the use of ions of lower atomic number and higher energy.
Increasing the energy of the beam not only increases its overall efficiency
but also increases its range which allows more flexibility for operation at
-27-
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slightly lower altitudes. The possibility of using electromagnetic radiation
in the radio frequency range needs to be investigated further.
It is possible that increased coupling of the magnetic field lines to
the ionosphere could be obtained by producing ionization at lower altitudes.
	 y
In support of this it has been reported that the lower edge of discrete
aurora usually lies in the range of 100 t 10 kilometers. The practical
limitation for the maintenance of ionization is set by the decreasing lifetime
of the electrons as one moves to lower altitudes. One would have to rely
on initiating increased precipitation in order to maintain the ionization.
Since the a -folding distance for the exponential atmosphere is 7 km, the
use of high energy heavy ions for producing ionization much below the
altitudes we have been discussing becomes impractical due to their shorter
range. The use of chemical releases then appears to be the most promising
	 •I
method of producing large numbers of electrons at lower altitudes, but
their successful deployment becomes more difficult due to slower diffusion.
f?
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APPENDIX
We apply the theories of O. B. Firsov in order to obtain estimates
for the elastic. [ Firsov, 1958 1
 and ionization [ Firsov, 19591 cross sections
so that the integral given in Eq. (3. 1) can 2:)e evaluated to give the total
number of electrons produced by an energetic ion. In the following we con-
sider collisions of an arbitrary ion Z ? 7 with a nitrogen atom (Z = 7 ,
M = 14). For elaGcic scattering, Firsov [ 1958] gives the expression`
-16 Z(M + 14) 1	 E2vel(E)= 6. ? x 10
	^-[-E^—oQn 1 +
	cxn(Z+ 7) 	E 	 Eo
1/3Z 7/3E > Emin = 0. 34 - Z - (Z+ 7)	 (M + 14) ev — 10 ( 4^-)	 kev (A. 1)
E® = 21 x Z(Z + 7) 1/3 (M + 14) ev — 100 ( Z 7/3 kev
The factor in brackets is unity for E < E  while for greater energies it
gives the more rapid decrease than E -1 in the elastic cross section due to
the coulombic character of the nuclear scattering. For E < Emin the
cross section rapidly approaches its gas kinetic value. The mean energy
loss for elastic scattering is 	 2 MT M(MT + M) -2 E where MT is the
If	
Firsov introduces the function q (Z 1 , Z 2) (Z 1 2/3 + Z22/3)1/2	 We find
that 4) differs by less than 2% from	 1. 1(Z 1 + Z2)l/3 for 1 < Z < 56 and
we use the simpler expression in the following equations.
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mass of the stationary target particle. if the elastic scattering is
assumed to be due to a hard sphere of cross sectional area given by Eq.
(A. 1), we easily obtain an energy loss rate roughly independent of energy of
dE	 Z	 M E	 E
= 3. 8 x 10 - n	 ° fn 1+ --- ev cm-1
ds	 (Z+°7)	 M+14 E	 E0
(A. 2)
where n is the density of neutral molecules ( = 1. 4 x 10 12 at 115 km).
Molecular scattering has been taken into account by doubling the atomic
cross section given by Eq. (A. 1). Neglecting the slowly varying factor in
brackets, we obtain a pessimistic estimate for the range of a heavy ion at
115 km of
R. = 0. 19 (Z +7) 1/3 M+ 14 E meters
	 (A. 3)	 11 M "k
which is shown plotted as a function of Z in Fig. A. 1. Note the substantial
increase in range for Z < 20 . The plot is shown for Z ? 7 as Firsov's
statistical theory is valid only for many electron atoms.
For ionizing collisions, Firsov [1959)  calculates the energy
transferred to the electrons in a single ionizing collision between heavy
atoms or ions to be
wi 14
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Fig. A. 1	 Lange of a 100 kev heavy ion of atomic number Z according
to Firsov's [ 1958] theory. On the right-hand scale are shown
the parameter x for a I kev ion defined by Eq. (A. 5) and
the minimum value of x for the validity of the theory for the
inelastic cross section [ Firsov; 19591'.
14
12
E
10
W e 8
x 6
W
4
2
0
9
_a
J
the least bound e actron which we take to be 15 ev, and x is the ratio of the
velocity of the ion normalized by a characteristic velocity which can be
expressed in terms of the energy as
X _ 5. 94 x 10-2(Z+ 7) 5/.S CE	 1 (Z+ 9) ^	 (A. 5)
6	 10
x . (E x 10 3) -1/2 is shown in Fig. A. 1 as a function of Z . There is a
lower limit to the energy for which we can expect Firsov's theory to be
realistic as he assumes rectilinear motion for the nuclei. The maximum
energy transferred in an ionizing collision is xE i
 according to Eq, (A. 4).
If we arbitrarily demand that the incoming ion must itself have 5 times this
energy in order to apply the theory, we obtain a miniunum value of x given
by
x f	 _ 1.18 x 10 -3 (Z + 7)10/3	 (A 6)min	 Zvi
below which we cannot expect the theory to be accurate. xmin is also
shown as a function of Z in Fig. A. 1 where the corresponding critical
energy is seen to vary from around 100 volts for low Z to around w . 5 kev
for heavy ions.
Fi.rsov obtains a universal curve for ionizing collisions by arguing
that as long as the minimum ionization energy is transferred, an electron
will be ejected by the Auger process with a high probability. Setting e
equal to ei in Eq. (A. 4) and solving for 7rr2 , we obtain Firsov's [ 19591
expression which when multiplied by two gives for the molecular ionization
t
Y
a
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cross section
r
a. = 8 x 10 -16 (
 25 ) 
2/3 [xl/	 25 _ 1] cm 	 (A. 7)
w
In recent years there has been increased experimental activity in measuring
cross sections for various interactions involving heavy ions in the kev range.
We show in Fig. A. 2 a typical comparison [ Flaks, et al., 19661 of experi-
mental values involving several combinations of incident and target particles
with Firsov°s universal curve. It seems as though the Firsov cross section
predicts roughly the dependence on velocity and is within a factor of two of
measured values for large energies. We shall make use of his expression
for our analytic calculations.
0.
	
	 We are now in a position to evaluate the mean energy D os s it
 
in an
ionizing collision as a function of x . After a simple calculation we obtain
= x3/5 + 2x2/5 + 3x1/5 + 4 
e(A. 8)1	 1
which is shown plotted in Fig. A. 3. Since at worst only a few times the
ionization energy is lost per ionizing collision, we see that heavy ion
ionization is a relatively efficient process. The limitation which occurs is
that elastic collisions are responsible for the energy loss of heavy particles.
Knowing the ionization cross section from Eq. (A. 7) and the energy
loss rate from Eq. (A. 2), we can calculate the number of electrons produced
by each primary heavy ion by using Eq. (3. 1). The result can be given in	 I	 I
the form
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Fig. A. 2	 Comparison taken from Flaks, et al. [ 19661 of experimentally
measured ionization cross sections for various interacting
species with the universal (dashed) cur ,, ►e due to F'irsov [ 19591.
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Fig, A. 3	 Mean energy transferred in an ionizing collision as a function
of energy according to the theory of Firsov ( 1959].
N (E)	 (M+ 14) E 1 
	
F(x)	 F(x) = 0. 147 (2c1/5 - 1) 2 +1 - 2x 1/5/ 
	 1 
ZIM • Z - (Z+7)	 5	 11	 55X
(A. 9)
0
which is shown as a fimction of energy for some representative ions in
Fig. 2. This calculation of N(E) has neglected the contribution to the
total number of electrons produced by secondaries (both ions and electrons)
and has neglected the contribution of the energy loss due to ionization as
being small compared to the elastic energy loss.
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